This paper describes a novel set-up for characterization of the performance of membranes designed for purification of water. It involves a recirculatory system, with continuous monitoring of the concentration in the water of a representative pollutant (Methylene Blue). Pressures, flow rates and temperatures are also measured. Results, in the form of rate constants for reduction in pollutant concentration, are presented for three different types of membrane, all of which incorporate relatively high surface areas of titania and have permeability values in a range making them suitable for this type of processing (∼10 −11 m 2 ). These results are rationalized in terms of the surface areas of the membranes, and the likely water flow characteristics within them. It is concluded that all of the titania surfaces within them have similar efficiencies for photo-catalytic oxidation of pollutants, but there are significant differences in the ways that the water is exposed to these surfaces, and hence in the pollutant oxidation rates. These points are relevant to the optimization of membrane design for this purpose.
Introduction
Photo-catalysis is promotion of a light-activated reaction involving a semiconductor illuminated with light of sufficient energy to excite electrons from the valence band to the conduction band [1] [2] [3] . If photo-generated charge separation persists, a redox reaction can occur at the surface of the catalyst; typically, this is oxygen reduction and water oxidation [4] . The results of this redox reaction are the production of highly oxidizing reactive oxygen species (ROS), which are able to oxidize organic contaminants. This photo-catalytic mechanism is well established [5] [6] [7] . Titanium dioxide (TiO 2 ) is by far the most heavily researched metal-oxide photo-catalyst, owing to its stability, abundance, affordability and suitable band positions for water oxidation and photo-generated redox reactions [8] . A number of recent studies [9] [10] [11] [12] [13] [14] have been oriented towards optimization of the structure of titania films in terms of their photo-catalytic performance (including light absorption characteristics and maximization of surface area). It's also well-established [15] [16] [17] [18] [19] that the efficiency of titania as a photocatalyst can be enhanced by the deposition of certain (noble) metals in finely-divided form onto the surface.
ical contaminants, and (c) be sufficiently robust to survive service conditions, handling and repeated usage.
A number of different types of scaffold have been explored for the creation of such membranes. For example, glass fibres have been extensively used [29] . Metallic foams, particularly those based on nickel, have also been investigated, notably for inactivation of chlorella [30] , degradation of pollutants in industrial wastewater [31] and breakdown of gaseous acetaldehyde [32] . There has also been work on use of the plasma electrolytic oxidation process to create relatively thick and porous TiO 2 coatings on titanium substrates, for photo-catalytic purposes [26, [33] [34] [35] [36] [37] [38] [39] . Some of these studies have involved the creation of membrane structures.
Despite these activities, meaningful comparisons between the characteristics of different types of membrane are in very short supply, mainly owing to a lack of standardized testing methodologies. In general, very little work has been done on comparing different types of photo-catalytic membranes in a systematic way. In the present study, three TiO 2 -based photo-catalytic membranes have been produced and a comparative assessment has been made of their performance, with and without an attempt to characterize the inherent efficiency of the surfaces concerned (i.e. to make an allowance for different surface areas and water flow patterns).
Experimental procedures
2.1. Production of photo-catalytic membranes 2.1.1. Ni foam structure
Ni foam was obtained from Sigma Aldrich, initially in the form of plates with dimensions 150 × 49 × 1.6 mm, 95% porosity and pore dimensions of ∼200-300 m. This material was cut into circular discs of diameter 40 mm (and thickness 1.6 mm). A binder solution was made up (by mixing and stirring 1 g of poly-acrylonitrile with 20 ml dimethyl-formamide for 12 h) and then 3 ml of this solution was added to 0.5 g of TiO 2 P25 nanopowder. The Ni foam was dip coated into this solution and then dried for 6 h in air at about 100 • C. This left the surfaces of the foam fairly uniformly coated with fine TiO 2 nanopowder.
PEO-processed Ti mesh
A sheet of fine Ti mesh, 80 wires per inch (wire diameter ∼130 m) was obtained from Alfa Aesar and cut into 40 mm diameter discs. Three of these were cold-welded together (simply subjected to pressure at room temperature) to create the membrane. A Plasma Electrolytic Oxidation (PEO) process was carried out on this sample in a Keronite TM processing facility. The electrolyte was 0.04 M sodium phosphate (Na 3 PO 4 ). A square-wave 50 Hz AC supply was employed, with set anodic and cathodic voltages of 600 V and 250 V respectively. These created anodic and cathodic currents that were both ∼14 A. Processing was carried out for 30 min. The resultant PEO layer (uniform on all of the wire surfaces) was about 15 m in thickness.
Glass fibre scaffold
This material was supplied by St. Gobain, having the tradename Quartzel PCO mesh. It was used in the as-received form, after cutting discs of 40 mm diameter from the supplied sheet. It is composed of (silica-rich) glass fibres, of about 10 m diameter. The surfaces of the fibres have been subjected to a proprietary treatment that creates a layer containing finely-dispersed TiO 2 .
Microstructural characterisation

Scanning electron microscopy
Microstructures apparent on the free surfaces of all of the samples were examined using a JSM-5500LV scanning electron microscope (SEM) in secondary electron (SE) imaging mode, mostly with an accelerating voltage of 5 kV and a working distance of about 5 mm.
Isothermal nitrogen adsorption (BET)
A MicroMeritics TriStar 3000 was used to measure the specific surface area of samples (surface regions). Samples were weighed and dried thoroughly (200 • C overnight) before use in this instrument. The sample chambers were then cooled with liquid N 2 and evacuated. Nitrogen was then introduced in controlled pressure increments, and the equilibrated pressures measured and compared with the saturation pressure, to determine the quantities of adsorbed gas. The Brunauer-Emerett-Teller (BET) adsorption isotherm was then used to determine the specimen surface area.
Crystal structure of titania
Previous studies have confirmed the crystallographic characteristics of the coatings produced in these studies. For example, it has been shown [38] that PEO coatings produced on Ti under similar conditions to those used here comprise about 60-80% anatase, with around 10-20% rutile and a small amorphous content. There has also been work [40] on the crystal structure of TiO 2 nanoparticles created using procedures such as those employed here for deposition on the Ni foam and the glass fibres. These have confirmed that the structure is at least predominantly anatase. All three cases are therefore similar in terms of crystal structure.
Photo-catalytic performance
A customized facility was constructed, designed to allow accurate characterization of the photo-catalytic efficiency of membranes. The set-up, which is shown schematically in Fig. 1(a) , is here termed a COMPORM facility (Continuous Monitoring of Photocatalytic Oxidation during Recirculation through Membranes). Water containing a selected (pollutant) species -Methylene Blue Dye for the work described here -is pumped around a closed system that incorporates a sealed irradiation chamber containing the membrane. The dye concentration was monitored using an in-line UV-vis spectroscopy, with an OceanOptics USB-4000 spectroscope and a flow-cell cuvette. Experiments were carried out with and without membranes present. The membranes were fitted into an O-ring sealed acrylic reactor, having a quartz window through which the sample was irradiated with simulated solar light via a Xenon-Mercury 150 W Light (with optical B40 UV-vis band-pass filter attachment). Fig. 1(b) shows the spectrum of the radiation incident on the sample (obtained by convolution of the intensity spectrum from the lamp and the transmission spectrum of the filter, both supplied by the manufacturers). It can be seen that most of the radiation was in the range 350-600 nm. In fact, with this radiation, in the absence of a photo-catalytic membrane there was no detectable degradation of the dye within the timescale of the experiments (a few hours). Temperature, flow rate and differential pressure data were also continuously monitored and logged (using LabView). Flow was controlled using a pump (MGD1000S, manufactured by TCS Micropumps Ltd.) that operated at a constant flow rate of 300 ml min −1 . The reactor configuration is depicted in the perspective view of Fig. 2 .
Photo-catalytic efficiency was quantified using pseudo-first order rate constants, assuming Langmuir-Hinshelwood kinetics:
where k is the rate constant, t is the time, C 0 is the starting concentration and C is the concentration at time t. For photo-catalytic experiments, 125 ml of water was used in a closed circuit, containing Methylene Blue dye at a starting concentration of 5 mg l −1 . The recirculation time for the liquid present was therefore about 25 s. Dye adsorption (as opposed to degradation) effects were taken into account by allowing the liquid to recirculate for 2 h under dark conditions. This ensured that any adsorption within the membrane was complete before the (illuminated) experiments started. Each test involved a further 6 h of photo-degradation, with the absorbance of the liquid being automatically recorded by the OceanView software at 15 min intervals.
Permeability measurement
The set-up shown in Fig. 1 was also used to measure the permeability of the membrane structures. This was done by measurement of the flow rate of the water through the membrane, for a given pressure drop across it. Darcy's law relates this pressure drop ( p), across a membrane of thickness x, needed to generate a fluid flux through it of Q (m 3 m −2 s −1 )
where (Pa s) is the viscosity of the fluid and (m 2 ) is the specific permeability of the medium (membrane). It may be noted at this point that there are (empirical) expressions for prediction of the permeability in terms of microstructural parameters. The most commonly-used is that of Carman-Kozeny [41] , which may be written
where P is the porosity level, S is the specific surface area (m 2 m −3 ) and is a dimensionless constant, (∼5). Fine filters tend to have large values of S, leading to low permeabilities.
Physical characteristics of the membranes
Surface topology
The topographies of the three samples are illustrated by the SEM micrographs shown in Figs. 3-5 . The Ni foam sample is shown in Fig. 3 . It can be seen that a fairly uniform coating has been produced, although there are some places where the adhesion is poor. The coating appears to comprise clusters of nanoparticles, which are about 5-10 m in diameter. The TiO 2 nanoparticles themselves are ∼25 nm in diameter, so there is presumably a large number in each cluster. From images such as these, however, it's difficult to be sure how much of the surface area of the individual particles is being exposed to the environment. While the coating layer is clearly not very uniform, it appears to have a thickness of about 10 m. (The specific surface areas of all of the samples are considered in §3.2.) It does appear that the coating was formed throughout the thickness of the membrane (1.6 mm). While this structure, unlike the other two, does not approximate very closely to an assembly of cylinders, for purposes of estimating the permeability it can be treated as if it were composed of cylinders of diameter 50 m, while the porosity level, P, is about 80%. Using the model of a set of cylinders, the specific surface area (∼2(1 − P)/R) is thus about 1.6 10 4 m 2 m −3 .
A PEO Ti wire mesh sample is shown in Fig. 4 . These meshes comprise wires in a woven square array, with a wire diameter of ∼130 m, spaced with gaps between them of ∼200 m. With 3 such meshes welded together, spaced ∼150 m apart, the macroscopic porosity level, P, is ∼50%, so that the specific surface area is about 1.5 10 4 m 2 m −3 . Of course, the PEO treatment was designed to raise this surface area and it can be seen that the PEO coating does contain surface-connected pores. These have an appearance that is characteristic of PEO treatment [42, 43] , with each of the large "volcanic crater" pores being the site of a recent "discharge cascade" [44] . It can be seen that, in this coating (which is quite thin), these main pores are about 5 m in diameter and are spaced about 10 m apart (in an approximately hexagonal array). There is, in fact, other, finer scale porosity, but if only these main pores are considered, and they are assumed be cylindrical in shape and to penetrate all the way through the (15 m thick) coating, then the specific surface area would be raised to ∼3 10 4 m 2 m −3 (ie approximately doubled). This is clearly not a very substantial change, plus of course liquid flow through these pores may be rather limited. A glass fibre scaffold sample is shown in Fig. 5 . It can be seen that the fibres, which are around 10 m in diameter, are in an approximately planar random array. The structure is clearly finer than that of the Ti mesh, and P is higher (∼90%). Just treated as an assembly of cylinders, the specific surface area is thus about ∼4 10 4 m 2 m −3 . This figure is about three times that of the Ti mesh, before account is taken of the micro-geometry of the surface. It's clear that there is a coating of some sort on the fibres (which appears to be debonding and cracking in places), but its structure is not well-resolved in these images. The thickness of this coating is of the order of 50 nm.
Permeability
Data relating to the permeability of the membranes, as measured via water flow rates and pressure drops, are shown in Table 1 . The permeability was obtained from Eq. (2), using a value of 1 mPa s for the viscosity of water. It can be seen that the measured permeabilities are all rather similar (at about 10 −11 m 2 ). From an engineering point of view, this figure is reasonably attractive (ie it's relatively high). Of course, in order to generate an acceptably high flow rate through a membrane, a degree of compensation for a low permeability can be achieved by raising the pressure gradient through it. This is only possible, however, provided the membrane can tolerate such gradients without undergoing physical damage. This is difficult to assess on a theoretical basis, although it may be noted that these membranes are expected to be relatively robust, particularly the two incorporating metallic frameworks and especially the one based on Ti wires.
It's of interest to check whether the measured permeability values are consistent with what is known about their internal structure. An attempt has been made to do this using the Carman-Kozeny relationship and the outcome is summarized in Table 2 . Values are required for the porosity and the specific surface area. In all cases, most of the porosity is in the form of relatively coarse pores between the main structural members (fibres, cellular struts or wires). Estimated values of these porosity levels are shown in the Table, based on information about how these structural members are assembled. The specific surface area has been estimated in two ways -firstly in terms of the nominal surface area of the structural members and secondly from direct experimental (BET) measurement. This second value is expected to incorporate the contribution from the (fine scale) porosity within the (titania-containing) layers on the surfaces of the structural members. It can be seen in Table 2 that the permeability values obtained using the nominal specific surface area data are all appreciably higher than the measured values (by factors ranging from about 50 to around 1000). It's unsurprising that these are overestimates, since they take no account of the fact that the structural members do in fact have surface layers with (fine scale) porosity, so that the residual coarse channels for liquid flow have been reduced in size -particularly in the case of the fibreglass structure, which is finer in scale. On the other hand, the permeability values obtained using measured surface area values are all underestimates. This is also unsurprising, since those take no account of the presence of the coarse channels. It is, however, noteworthy that, while the underestimate is only by a factor of about 2 for the PEO Ti, and around 5 for the Ni-based foam, the difference is a factor of about 100 for the fibreglass membrane. This reflects the fact that, as indicated by the BET measurements, the specific surface area is much higher for the latter. The sol gel deposition on the fibres clearly created a much higher (TiO 2 ) surface area than the PEO treatment of the Ti wires. The Ni-based foam is intermediate between the other two structures in this respect.
Photo-catalytic performance of the membranes
Rates of degradation of methylene blue
Data for the absorbance of the Methylene Blue solution, with and without it being subjected to irradiation in the photo-reactor, are shown in Fig. 6 , for a fibreglass scaffold membrane. It can be seen that adsorption of the dye within the membrane was completed within the initial (dark) period of 2 h. Subsequent reductions in the absorbance (taken to be proportional to the concentration of Methylene Blue) were solely due to the effect of the radiation (in the presence of the photo-catalyst). Since the radiation had no detectable effect in the absence of the membranes ( §2.3), these changes directly reflect their photo-catalytic efficiency. From plots such as that of Fig. 6(b) , rate constant values were obtained by fitting of these curves to Eq. (1). The curve produced using the best fit value of k = 0.0039 min −1 is superimposed on the experimental plot in Fig. 6(b) . Similar operations were carried out for the other two membranes, leading to values for k of 0.0024 and 0.0001 min −1 for the Ni-foam and Ti-PEO structures respectively.
Photo-catalytic efficiency of the active surfaces
While the above values of k are of interest, they represent the net outcome of several different characteristics of the membranes concerned, in addition to the inherent photo-catalytic efficiency of the (different types of) TiO 2 present. In particular, the effect might be expected to scale with the catalytic surface area in the membrane, although dependence is also expected on both the flow characteristics of the liquid within it and the penetration of the radiation into its interior. Nevertheless, it might be possible to obtain an approximate indication of the photo-catalytic efficiency of the TiO 2 concerned by dividing these k values by the (estimated) surface area within the three membranes. This is given by multiplying the specific surface area, S, by the volume of the membrane, taking all of the surface area concerned to be active. The values of these parameters are presented in Table 3 , together with the normalized values of the rate constants. It can be seen that, when normalized for the active surface area, the values for all three membranes are similar. While this is clearly a very crude analysis, it does suggest that, while the three membranes have significantly different photocatalytic efficiencies, this is largely due to the different surface areas of TiO 2 over which the liquid is flowing in the three cases, rather than to any differences in the inherent catalytic efficiency of these (different types of) TiO 2 surface.
It is clear that raising the specific (TiO 2 ) surface area of a membrane material is an important aim, although it must be borne in mind that such area is only useful if the liquid flows over it and the radiation reaches it. As mentioned above, it is also important that the structure should have a relatively high permeability and be mechanically robust. The latter aspect includes both the overall strength and the adhesion and stability of the coating. The Ti wirebased structure is promising in this respect, although it appears that the PEO processing conditions need to be modified so as to raise the exposed surface area within the PEO coating. Possibly the PEO process could be combined with some kind of sol gel deposition or incorporation of nanoparticles into the structure via suspension in the electrolyte. Furthermore, instead of a relatively coarse wire mesh, the scaffold for PEO processing could be a finely perforated Ti sheet.
Conclusions
The following conclusions can be drawn from the information presented here.
(a) A facility for characterisation of the photo-catalytic efficiency of water purification membranes has been designed, constructed and used. (b) Three membranes have been tested in this way, one a commercial product based on a fibreglass scaffold and the other two based on metallic scaffolds -a Ti wire mesh structure with the surfaces converted to porous titania via PEO processing and a Ni foam on which titania had been deposited by a sol gel route. (c) Photo-catalytic efficiencies, in the form of rate constants for the oxidation of Methylene Blue, were obtained for the three membranes, being highest for the fibreglass membrane, rather lower for the Ni foam membrane and considerably lower for the Ti PEO membrane. (d) It seems likely that these differences are largely associated with the surface area of titania within the membranes, and with the way that the water flows over these surfaces, rather than reflecting any inherent differences in the photo-catalytic efficiencies of the (different types) of titania that are present in each case. In fact, when the rate constants were normalised by dividing by the (measured) surface area in each case, the value obtained was similar for the three membranes. (e) Attention has also been paid to the permeabilities of the three membranes and correlation of these values with the pore architecture in each case. These permeabilities are in a range that is broadly conducive to relatively high throughput, although fairly high pressure gradients may be helpful in an engineering situation, so that the mechanical strength and toughness of the membrane is likely to be an issue. Metal-based structures are expected to be attractive in this regard, particularly Ti-based substrates.
